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A limited investigation was conducted to measure the oxides of sulfur in aircraft
turbine engine exhaust. The objective was to establish the ratio of sulfur
trioxide (SO 3 ) to sulfur dioxide (SO 2 ) to be utilized in support of the climatic
impact assessment program. The S03 concentration was found to be 13.8 percent
of the SO2 concentration as determined by wet chemistry analysis. Sulfur recovered
in t•e samples was approximately 50 percent of the total sulfur In the fuel.
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INTROMt)CI ION

I'U'kP%).•L.

Pie purpose o. the test rt-sults rported herein was to measure the -.ultur
trioxiJe (SuR) and sultur dioxide •bS2• in aircraft turbine engine exhaust
4nd to establish tht; r tia ot Sui to .-.

iACKtJMIUD.

rhe quantity of suliur oxides emitted by aircratt turbine engines is low
becuse ut the sulfur limits imposed on commercial jet-A fuel. Sulfur was
considered to be a problem in the early development of turio-jet engines
because hut turbine oonponerts were susceptible to sulfur corrosion. Jet-A
tuel specification limits the quantity ot sulfur to O.3 percent by weight.
The actual sulfur content in jet-A fuel, however, is significantly less than
the limit with average values generally ranging froa 0.04 to 0.12 percent by
weight. Sulfur dioxide emissions from turbine engines vary from 5 to 10
pares per million (ppm) and are almost totally j function of the sulfur con-
tent of the fuel (referen,.e 1). Calculations in support of the work show that
the minimum sulfur dioxide emiszLons from turbine engines reported herein is
less than 3 ppm.

The investigation of SO, and S03 was conducted in support of the climatic
impact program and requIred the establishment of the S0 3 to 502 ratio.

Sulfur trloxide exists as a gas above 625* F awd as temperature is decreased,
the gas combines mith surrounding moisture and become sulfuric acid (H2S04)
mist. Experimental results reported in reference 2 show that for low con-
centrations of S03 the acid dewpoint is significantly less than a temperature
"of 625* F.

Measurement of So3 in turbine engine exhaust had been unsuccessful to date.
The severe sample conditions, consisting of a high-temperature gas strem
at or near a dynamic pressure equivalent to Mach 1, has prevented the collec-
tion of samples by conventional methods. Sulfur trioxide or H2 SO4 samples
should be collected with a quartz-:ined probe and a glass sample train of
filters and scrubbers to prevent :hemical reaction with the materials in
contact with the sample and permit recovery of the acid mist by washing the
collection train.

DISCUSS ION

ANALYTICAL MEASUREKENT METHODS.

MHasurement methods employed wet chemistry involving the assesmut of color
changes or intensities produced by sulfur oxide chemical reactions. A mod-
ified West-Gaeke method was utilized for 502 measurement. This method was
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seh.ctei becaus•,t i tz ade itdte .•vnsi t i vity ald accuracy in the SO. conc,-n-
trnition rantte of tuirbine en,,ine k.xhaust. 1he irethod involwVEs the cullc'tLion
ot exhaust gas samples in a scrubih.r with ..odium tt'trachloromercurate. "-t
provide inlormation concerning reqikired How rattes and to assure a mAinrm
tl.w rate, two modi itd i,rvunburg-m',ith impiners in series .ach -ontaining
100 milliliters of sodium tttr.achl,,ro-,,.rrcrate were used in the sample ,olic -

tion train. Pararosanilinrw, in h-drciori., acid dad form.lddhyde soLution-
were added tollowin- s-:iple a,,•,iit inn. The intensity of the color change
irom Lear to red vioctt o-o-ovnd= in the quantity ,I S6) present. .'ýe
(optit A density) it the sampIte was -,eadsured at 560) ranometers. The quant Ly
of SO) was determined in relation to a b)lank and from the calibration. Phe
standard West-tGaeke rmethud, reterenc.,e i, was acodified to eliminate nitrogen
dioxide interference, reterence 4, by thc addition of 0.06 percent sulfuric
acid to 0.1 miar sodium tetrachloromercurate.

Test method 8, reference 5, was cn:ploved for determination of S0j or sulfuric
acid mist from sanrples collected in turbine engine exhaust. The sample train
consisted of a 2-inch glass filter followed by two modified G;reenburg-Smith
Impingers in series each containing 100 milliliters of four-to-one proportion
of isopropaiwl to water. Two impingers were used to determine the maximum
sample flow rate and to assure collection of all of the sample& in the first
ýmpinger. Total sample flow was 2.9 cubic feet at a flow rate of 0.225 -ubic
feet pir W.nute. The samples were processed by adding two to four dcops
of thorin indicator ans. titrated with barium perchlorate fr-m yellow to a
stable pink color.

DESCRIPTION OF EUIPMEN".

A TF30 mixed-flow turbofar- engine served as the test vehicle for this
Investigation. The engine was modified by removing the afterburner assembly
and installing a fixed-4irea jet nozzle. Test condlitons were selected at
maximum continuous power where the engine developed 9,800 pounds thrust, used
6,000 pounds per hour of jet-A fuel. and pumped 222 pounds per second of air.
The fuel contained 0.05 percent by weight of sulfur.

The sample probe assembly, 3 feet in length, was constructed of i-inch
diameter by 0.065-Irch wall, stainless steel with a quartz liner and incor-
pora,.ng an electrical heating element and a thermocouple. Maximaum operating
temperature of the probe was 800* F.

A 2-inch stainless steel tip turned 90° was installed on the sample end of
the probe and a 28/15 millimeter (mn) outer spherical ball joint of quartz
was on the outlet end.

The sample train (figure 1) was located 2.5 feet under the engine jet exhaust
nozzle and consisted of a 900 Pyrex adapter with 28/15 - inner ball joints for
connecting the probe to the glass filter. Filters of glass fiber were used
in a 2-inch glass filter body. "U" shaped glass adapters with 28/15 mm joints
were employed between the outlet of the filter and the inlet of the first
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modiftied (;r..enhurV•-40." !t i I *., ,! bo.tw.t,en th'e ,,utht ot the first arpinger
and t he inlet oI th% s t, r i., r in.t-r, Ni, he xiau-t from the second iio if•nFr
was route.d ,nt,, the , :.t I,,! r,141-' whl,-r, 0it I Irow was ihrottled. th,• ratf, set

zo a rotometer ndi cat ion, Witi hh. vtIian, rei.0,'.i wi || ,. wet tst .ive-er.

1-ht imp inger. w., re 1ii i..d i:A 4-in',l deep ice bat.h for simple acqui.isition.

The glass sample train ,and t1e impingers ,arda filttrs, in particular. were
designe-d to opt-rate un,,,,r -.-mpl•e pressuares h-ss than atmospheric. Fxhaust
pressure of th. rF31 ,ngint at maxir.,•t ,ont injtous power was 27 inches of
mercury abov, 3 atmosphleri," or 5t.'# in,'ivs of mercurv absolute. Under this
pressure, the bubbler or stopper, with wide ruhbbr band restraint, wvL[I rise
out of the impingor bottle with resultant ;as s-ample leaks. This problem
was reduced in inttensitv by safety wirin4 the stopper zo the bottle sinrilar
to the wire on a wine cakr• and bottle.. A5, some leakage was ob;e.red, ever
with safety wire, the test and sample collection procedures were changed to
reduce the pressure. Engine stabilization in mode prior to sample acquisi-
tion was eliminated and the :-aple flow was started !mmedlately upon accelera-
tion to the maximurm continuous powter conditions to release the pressure to
a level where the safety wire and clam.p-supported seals could be maintained.

The second problem was to eliminatc glass breakage resulting from the forces
"exerted on the sample prob, by pressure, vibration, and high-noise levels.
Two ball joints were installcod between the probe and the glass filter to
facilitate alignment and thereby minimizing these problems. The Lmpingers
were shock-mounted on a 4-inch thick sheet of styrofoam in the ice bath.

TEST RES'LTS

The sample probe was preheate.d and maintained at a temperature of 550" F.
Tests of the :rohe and filter were nogative In regard to collection of:
sulfuric icid, and was tkErefore concluded that the samples consisted of
so3. .ample flow and collection procedures were modified as required for
collection of t', total snmple in the first Impinger. Three 503 measurements
of the samples collected in the first Impinger were each 0.31 ppr. Two 502
measurements were 2.13 and 2.37 ppm, which averaged 2.24 ppm. The concentra-
tion of S03 was 13.8 percent of the S02 concentration. The total SO2 plus
S03, was 2.56 ppm. Sulfur balance calculations were accomplished based on
the fuel containing 0.05 percent by weight of sulfur as determined by analysis
of the fuel. For one-engine-operating-hour at maximim continuous power, an
equivalent of 2.997 pounds of sulfur in the fuel was consumed by the engine.
The total mass of air and fuel per operating hour was 805,377 pounds. Using
13.8 percent S03-to-S0 2 and assuming that all of the sulfur is oxidized, sul-
fur balance calculations indicate that the exhaust contained an average cen-
centratlon of 0.4 PpR S03 and contained an average concentration of 2.9 ppm
S02 for a total of 3.3 ppm. Based on these figures, the sulfur recovered in
the sample was 77 percent of the total sulfur in the fuel.
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4,r ws t,,uvn t t tic -w rt,ý t . t xhsu I~ I 'rt-. -:l t he ITit! ell v~ j lit, rw - I j d ra

ý,a.s tt*~'X r~at a~~~*nd t*r-a is- io -o i n I ii jI. i nv -.srIfn i 1 .y- jt i iC-0 9 . thiIs j nft'r !.-

tion i s utili jied ini L*,i.; .inditvsi-. i'i N'2f: 7"t of .SIT, iqui.si t ion Wa&s
Use -c~ ; d T1 I rv.*,n, t. tt ai e.as t .-M,'rdi irc,'r en uxvs i t 625^ F. rite s:arnp t

po'i nt I; shot,- 2i :wk-tht-r I napt -~J~! li ,1tir -` ýtfli is in -in vxhaiJst gi
ttemperat urt. I,,-atL I:*I~l R. n1., mv so-tr~ s .a nitco) ,is Qihowr iii

:1 rt 1 . At t L. ar ;;u £ t * thc~ '01 ,--sn,:vnt r tivn iŽ2.- 1 i c-,n w* h ii,
the t raverwsve . r.irc 0'. ii 1.35 o*r,-czt . S izct- itho polluzat jls in iV h .:! ,
of turbi flc etw'in.i ar.- pencr~aI l distributed in the saw pattern as the CU-).

I:is visunt'd that th. Sul lui uxietes ar. t list- d~.irrihiittd in pattrnt-m similar
to t , at 01 CO'. A1 ~.r r t i ox'. of t ma'.. rse ~~- tCO' div ldcd by the clin. en: r i-
tior of C01 at Owe sixpltv point i.s *PP:.v -vd Olte tut.iI meatsured 501 plits So,
to establish. a sulfur o~jd, concentra~tion represcntinv the average for the
tent I re .*xhaust:

ýh ricasured -;tlfur u.xides .as coirre'-tct is- thol 1 .65 ppm 1--s-, than that of the
-4uifur haIlancv, zind thet sulfur rec'overv:. w.as i0 pvr.cent of rhc sulfur in tilt.-
fuvi. 'rte sulfur whic.h wa-s not rtfiisurt J cou)1J havi consisted, in part, If
$'!!f ides.s sul f~its's 'Ind Si ul"t~
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T.IMPLRATUHE: VALUES INDICATEi) AR.E IN DEGREES RANKI?(L

?"GURE 2.ISO-TIIERM MA&P A:WD SULFUR OXIDE SAWLE POINT
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CO2 VALUES INDICATED ARE IN PLRCENT

FIGURE 3. CO2 ISO-EMISSION MA.P AND SULFUR OXIDE SAMPLE POINiT
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tC:O'LtS I ONS

It is coacluded that:

1. The oxides of sulfur in aircraft turbine engine exhaust include detectabL.
quantities of sulfur trioxide.

2. Although the oxides of sulfar can be ma>;sured by wet chemical methods,
acquisition of the sample in aircraft turbine engine exhaust by these methods
require further development.

3. The severe sample collection environment and the low concentration of sul-
fur oxides in turbine engin•e exhaust plusthe limited scope of this investigatior
resulted in a low total sulfur recovery.
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